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SUMMARY 

In July 1968 the United States Army Aviation Materiel Laboratories (USAAVLABS> 
awarded the Aircraft Engine Group, General Electric Company, a contract for 
preliminary design study of a convertible fan/shaft engine using a variable-pitch 
fan rotor as the key feature defining the method of achieving convertibility. The 
study was primarily directed toward the mechanical, aerodynamic and control 
system aspects of a dual-rotor high-bypass turbofan engine in which the ability to 
reduce fan blade pitch angle permits fan thrust to be reduced to a low value and 
shaft power to be provided by the low-pressure rotor for takeoff of a helicopter 
rotor type vehicle. 

The study included the use of analytical methods to predict the fan's aerodynamic 
performance over the range of blade pitch angles from maximum (normal fan 
operation) to minimum (operation as a shaft engine); the dynamic simulation on a 
digital computer of the complete engine/control/rotor system for prediction and 
definition of the control system; and the preliminary mechanical design for the mech-
anism required to change fan blade pitch. The results of these three basic studies 
were then integrated into a complete engine preliminary design, with relatively 
small emphasis on the gas generator and low-pressure turbine portions of the 
engine. Two basic engine layouts were studied with equal emphasis: one having 
a drive shaft at approximately right angles to the engine centerline, with a bevel 
gear immediately aft of the fan rotor, and the second with a straight forward or 
aft drive shaft, requiring no gears but necessitating an S-shaped inlet for the 
more likely forward drive version. 

The design requirements were for 2000 HP/engine at 6000 ft, 95° F, and 3500 lb 
thrust/engine at 400 knots S. L. The latter proved to be the sizing condition for 
the engine. The final cycle had a bypass ratio of 5. 5, a fan pressure ratio of 
1.44, an overall pressure ratio of 22.35, and a turbine inlet temperature of 
2200°F. During shaft power operation, the fan supercharge pressure ratio is 
estimated at 1.29 and the "bypass ratio" at . 12. with the fan running at 80% of the 
speed selected as maximum in the fan mode. The fan's and gas generator's exhaust 
areas are then 2.4 and 139% respectively of their fan mode areas. Fan parasitic 
power is 394 HP or 11. 8% of the maximum power available at 80% speed. 

A novel method was devised for fan blade retention, which permits rotation for 
pitch changing but involves almost pure rolling motion between the surfaces 
carrying the blade centrifugal load. The conventional approach, as used in vari-
able pitch propellers (that of thrust bearings), is not feasible for the fan because 
of higher loads and reduced space at the blade hub. Satisfactory control and 
system dynamics were shown to be possible with the control mode developed. 

i i i 



FOREWORD 

This report on convertible fan/shaft engines is submitted by the Aircraft Engine 
Group. General Electric Company, aa required by Contract DAAJ02-68-C-OOS4. 
Task 1C. 162203014415. 

This aeven-month study wa» conducted for the 1     S.  Army Aviation Msteriel 
Laboratories.  Fort Eustis.  \ «rfinis    under the technical cofniiance of 
Mr.  Michael Seery of the Propulsion Division.    Principal Aircraft Engine Group 
personnel associated with the profrsm «ere Messrs    A.  C    Bryaas   *,  H. Clark. 
D.   P.  Edklns. R. C.  Hlckok.  aadS. j. Kkimpas. 
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INTh'  LUC T»'N AVD B.AC'KCatOt'NI) 

TW I     S    Arir.» i« cwrr»ail> »pommorxmg aad rotkductiof studir* on m&vmoc*d 
\   Sir  I  ».»u- • » -•■.  •  rvtata t.Sr ««II-ILAO«« **l\»n!afe» «rvd drwiuprd trchnoloo- 
c4 rocan »lac «in rmft »».ir    '.»•-< tlwir dra»t>*ck of laefficlrat forward flight 
aad wMdb«tr*tkr or r««e ua*cc»pcabW flight »;«>«^J !irr.il*tion»     Theae «ystema 
eoMbodt   >*ak>*<Vd or nrtrartvd rocarv «utg* aad hrnce re<|ulre a thrust-typr pro- 
p^Uta« »»»WfR    prrleraMt a fetgfe brpaaa turtwfan    for cruise flifht.  »ith the 
■ aw pammr piaal ayatofB uaed ta bo«* the »haft and fan modes.    Previoua   studies 
(l   ') ha^» ro««r»d the broadvr aaprcta at coe^embke aircraft and eagines: the 
c-wrnr«i stud* la uae of ae«eral aimed at arming at one or more preferred pro- 
pulatoa svatema     A »« r «• i,   »•*•   r . schrmatic of the variable-pitch concept is 
steo*« iB figure 

It ala.**kd U» nuted Ukat »ocne pro«^lsioa svstems do nut require specific study since 
tfee« are Already k-><»r state ol tbe art   thus,  a «.-oa\-enible engine baaed on tip- 
•-r» uw Jr'.»•a rrvia« fans    gas dtverter \alves.  and separate free-power turbines 

•,: ♦ •• pu tagther u«iag i»clUK>k>g> already flight teated in the XV-5A aircraft. 
H*lerear« : rv^j^RBwadad tlua» d «artahie fan atatora plus a fan disconnect clutch 
aa tlw !•> leaturva ad ttm ran««rti*jie propulalon ayatem.    The fan portion of this 
• taten la ttm •J*^: c4 a kard^ar« teat program under I SAAVI_ABS contract. 

: Sr  •-» •  t *tw6y aaamiaes a rviated svatem where the fan disconnect clutch 
- .4» • tm e'liinaied hacswae tfee paraaitlr power is estimated to be lower when the 
taa r%*u>t UaA»a ratlwr than the atatora are moved into reduced pitch.    This 
tatolwa UM reaavd diffUxttv and risk in the fan mechanical design;  possible in- 

f»»** 1 risk la th» faa aen^vaamu dssign    drpendlng ultimately on comparative 
wat  f»».:?»   *AJ » .f«-«»'.«' diflervnt ixntr..! svatem requirements. 



FAN MODE 

r>      \ 

FAN ROTOR 
NORMAL PITCH 

FAN NOZZLE 
OPEN 

EXHAUST NOZZLE 
CLOSED DOWN 

ROTARY 
WING 

SHAFT MODE 

FAN ROTOR 
FINE PITCH 

EXHAUST NOZZLE 
OPENED UP 

Figure 2.    Schematic of Variable-Pitch Fan Convertible Engine, 



STATtMEVT OF  THt   PWoBIXM 

I Sf probte ms aMoctaied wMh dtctg» aad ^»»^Inpawat of • ««rtabls pttck far. shaft 
propulsioe •»•lern »re readtlt ^•■tifWd 

1-        Mechanical desifii of th» \»rtabW p<lrte RwrKaatstr 
2. .\erod>Tiamlc drsicn aad preActu«« uf <>ff-4»*t(« < r»duc*d pttrl« a»ro^>iiamtc 

cKaractertsttca    f th» faa aad faa «att tV.>m t»te«u>r 
3. (\mtrol muda and *r^c'.-<■  aircraft  mwrfa*« 

MK( MANU Al   DKat.SQK TMK \AHIAHU   itH H MI t HAMSM 

\ariahle-pitch propeller Madrt are full»   4»*eloped tir«tc<ea    and at f\rat ai^tit    it 
rnight aeem that thia techaukif) oould "» applked dt reell« •-.' a «artat W pttrh faa 
hlade     Howe\er    thla ta not ao for the following rva». na 

a The tip apeed of typical fans ta apprectaM« htcder   l|rp>r«ll:  ISM ft   aec «a 
•iOO ft  »e»   in a propeller     Conaaqueotl»    UM centrifw/^al load *m thr t la«^ 
attachment is much higher    lor the araa •.»»•.€■ 

a The spätre available for tha t>lad» altarhmeat    •♦»ufc alau haa tu pr\r»i4a 
relatively low friction rotation for pitch change      • ••   . *  laaa ••. a  •«    t 
the vaatly tncreaaed ' ladr aolidtt>   lor taatance    the faa rotor la thia repsri 
haa 2- hladaa whereaa the ttptcal propallar haa i tladaa 

Simple calculatlona aho« that tha largeat »ell thruat »«art^a toe 'late atta- » ••«" 
that can I« aqueeted in are overloaded • » a factor   -f at Waat '. I      There la ala- 
the problem of providing aimuluneoua ac-tuatiue of the faa Madaa     Thia rae *• 
expected to \m relativaly straight forward althuugh .rfi^u**al» nora CVM^I 

in propellers. 

AERODYNA\nC DEaGN OF TMK IAN 

The problems in thla area ma> »e categorised as 

a        Behavior of the flo» la the rotor aa blad» aagla la redwwd     The b 
the flow path changet botl. ta overall magnKwd» aed la radial diatr 
Bypasa flow ia greatly reduced.  re«ultiag la larga radial ?v • i 
A related problem la that of devlatag a auitabla mathamatiral ret«ra 
of the flow at reduced bladp anglra 

Flow in the region of the splitter between the b^paaa aed 
Because of the radial compoasnts.  the local flow aear the »H •*•? will ea- 
hlblt appreciable migration of tha atagnatioa peia« aad atageattne e«rea»liae 
Som" flow separation in this regie« may uccer uekaaa ^aalga leaCerea are 
provided to prevent It. 



• Angle variation of the flow entering the fan exit stator as the fan blade angle 
goes from design point to maximum closure.   This angle variation is beyond 
the range capability of a fixed stator but may be within that of a stator system 
utilizing variable vanes. 

• Prediction of the fan efficiency as the blades are closed.   Once this is known, 
the parasitic fan power may be computed. 

CONTROL MODE AND ENGINE/AIRCRAFT INTERFACE 

The problems here are only in the transition flight region («140 knots flight speed), 
where the rotary wing has to be unloaded or brought up to speed at low load.   Thus 
varying amounts of shaft power have to be provided, along with enough forward 
thrust to balance aircraft drag,  itself varying because of rotary wing drag and 
other drag elements such as induced drag.   The various phases of the transition, 
such as occur during fan pitch change, exhaust nozzle area change, clutch deploy- 
ment,  rotor acceleration, speed reset, and so on, require analysis. 

Thm control /engine/rotor system has to be stable under various conditions of 
transition from one engine mode to the other, such as interruption or modification 
by the pilot of the normal transition process. 



CYCLE ANALYSTS 

GENERAL 

The study of the convertible fan engine was started with an optimization of the 
thermodynamic cycle.   It was found that the requirement for 3500 pounds of 
thrust at 400 knots sea level sized the engine; therefore, this flight condition 
was considered to be the design point, with shaft mode considered as 
off-design. 

The optimization of the cycle for the variable-geometry fan consists of select- 
ing T4,  pressure ratio,  and bypass ratio.    This investigation was conducted 
on a time-sharing computer using an available two-spool nonmixed fan com- 
puter program3.   A typical output printout is shown in Figure 3 .    This 
program is restricted to design point calculations, but through proper atten- 
tion to effective nozzle pressure ratio,  'Pe/Ps, ram conditions can be opti- 
mized.    Many previous cycle Investigations of fan engines have shown that 
the nozzle pressure ratio under ram conditions should approximate the static 
nozzle pressure ratio times the ram pressure ratio.   This assumption has 
b^en confirmed by the GE 635 Computer In the final cycle selection.    The 
assumptions used in the parametric study are shown on Table I. 

SELECTION OF OVERALL PRESSURE RATIO 

The effect of overall pressure ratio on engine performance was investigated 
using Reference 4 as a basis.   The results of this study are shown in 
Figure 4.   An examination of the results shows a loss in thrust associated 
with the SFC gain; therefore,  a mission analysis would be required to 
identify a specific choice.   However, It should be noted that the lower overall 
pressure ratios require higher fan pressure ratios - above the values 
selected for the variable-pitch fan design - to maintain the correct nozzle 
Pg/Po-   An overall pressure ratio ofoa 24 was selected for the remainder of 
the optimization study. 

SELECTION OF BYPASS RATIO,  T4 and PR 

To optimize the remaining cycle parameters, a series of T4 with ß combi- 
nations was run at the mlnlmum-SFC overall pressure ratio.    These two 
parameters combined with the nozzle pressure ratio dictate the fan/core 
pressure ratio split.   The working optimization curves with the circled 
points representing a Pa/Pa of 1.25 are shown as Figures 5   and    6 . 
These curves show that a correctly exploited Increase in T4 improves 
performance.   However, since this engine Is designed around a new fan con- 
cept, unduly advanced turbine   temperatures or fan aerodynamic loadings are 
not desirable.   With these considerations and the working curves,a realistic 
selection of the cycle was completed. 



4010 253.3,5.3,556,18.74 
4020 1.44,.84,.905,.99,0 
4030 16.S,.855,.905,.97,.99 
4040 .985, 18400,.95,.995,1 
4045 2700 
4050 .105,.9,.1,0,0 
4050 400,14.7,.99,1,.995,.995,0 
4070 .99,.99,1,1,0 
RUN 

NMIXF* 12 :53 AEG WED03/07/68 

13 
1481 .00 

12 
5 5 § . 0 0 

T4 
2 7 0 0 . 0 0 

P54 
7 4 . 4 6 

T23 
6 2 8 . 6 3 

TFFC^) 
4 . 2 8 

P8 
2 2 . 3 2 

VJET PRIMARY 
1424 .68 

BYPASS RATIO 
5 . 8 0 

VfCORR ]2C 
2 3 . 0 2 

DELTA H/T4 
.0371 

A3 
1 2 4 . 6 8 

V JET FAN 
1083 .55 

F MET PR I 
3 9 7 . 8 6 

P2C 
2 6 . 1 3 

T54 
1860 .31 

T3 
1435 .47 

F GROSS PR I 
1679 .59 

F NET FAN 
2 7 4 2 . 0 4 

P3 
43 4 . 5 2 

TFF(54) 
21 .75 

P2 3 
2 6 . 7 2 

F/A BUR-NE.? 
. 02042 

DELTA H/T54 
.06323 

A28 
3 8 5 . 6 6 

F GROSS FAii 
7276 .06 

NET THRUST 
3 6 3 9 . 9 0 

I.'JLET AIRFLOW 
2 5 3 . 3 0 

SFC 
.6732 

Figure 3. Sample Time Share Computer Output. 
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Figure 4.    Effect of Pressure Ratio on Engine Performance, 



• REPRESENTS P8/P2 = 1.25 

A,B,C,D Lettered Points ere Optimizetion Steps 
Discussed in Text 

FLIGHT CONDITION - 400 Kts., S.L. 

LINES OF CONSTANT P AND T4 
VARIOUS P-/P, - e.g. 0 - 5 

T4 - 2620°R 

p = 5.0 

pm 5.8 

0-6 .5 

LINES OF CONSTANT Pg/P2 

.64 

1.3 1.4 1.5 

FAN PRESSURE RATIO 

1.6 

Figu re 5. P a r a m e t r i c Cycle Data. 
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P - 5 0 
0 -5.8 
0 - 6.5 

• REPRESENTS Pg/P2 = 1.25 

4200 A- A,B,C,D Lettered Points are Optimization Steps 
Discussed in Text 

FLIGHT CONDITION: 400Kts.,S.L. 
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4000 
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TABLE   I.      CYCLE PARAMETRIC ASSUMPTIONS 

1. 

2. 

3. 

4. 

5 

6 

7. 

t 

10 

11 

IS 

19 

14 

IS 

1« 

Inlet airflow   -   240 lb sec 

Compressor efficiency was compatible with current General Electric high 
stsfe loading compressor technology     Above an overall pressure ratio of 24, 
efficiency varied with compression ratio at a constant pohtropic efficiency 

High pressure turbine efficiency -   905 

Low pressure turbine efficiency -   905 

Combustor efficiency -    965 

Fuel »testify valus - 1M00 BTl   lb 

£.PL   P., 

a IVP, 

APT'P, 

P. P. 

31 

1% 

51 

11 

11 

1   tft 

Turbine cootuig fWwe sre si U» no 

Turbiae cweluig «a 

Cooltsg 

• na T, a*dT, as ui  figure 7 

t-rt.iB» UM< U»V 

A»era^ VWIMM at ift     »»M     rM    a«i »IP «ere 
ifSinuss*»«*     Tb» flnel engtae •%• tftw« sts»4 to xtm talV^n 

1   n- -Itip4«r a« mf l 1   M 
1 »-tiit.l^r tm Mtr I M 
1 »«Hipiier - rn 1 1    * 

1 ak^llpiier mm f rr 1 H 

ir 

*aluee are ^^mrmiamd t 
aeaetti«ttf t» 

lea^wrasure a«rf psw—rs reiK» te*els mm 
\ artsfblt  A^ t» prw^»4e fc># ttm iw wossle 

»«»i 

• sristu 
mi 
tat* • • f» 

r» r»ti.. is tSe «IMH 
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TOTAL COOLING FLOW   - HIGH PRESSURE COOLING FLOW 
♦ LEAKAGE AND LOW PRESSURE TURBINE COOLING FLOW 

LEAKAGE AND LOW PRESSURE TURAINE - 4% 
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m      ■ 

I      ' 

»        ft 

^Tj-mg^F 
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* 

.^T,-1«*F 
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Several steps of the optimization process are shown below: 

Point A. 

Comments: 

Minimum SFC Point 
T4    = 2860 *!* 

e 6. 5 

PRF = 1.47 

PRC   = 16 25 
SFC    = .656 

FN    = S625 
wa     = 240 pps 

This T4 Is too high but the dais provide   s good bast» for mm 
paring future points. 

Point B. Minimum SFC Point 

e 
PRF 

PRc 
SFC 
FN 

2700 "R 
6. 5 
1  S88 
17 25 
658 

3200 
240 

A SFC from A 
L FN from A 

51 
11   T'J 

Comm—ta:     Good T4     but high ••• nfice U> *J—p 1 •• »FT 

Pnt« C Lower Brpasa D^atgn 
T4        -   2700 "B 
0           -   « 
PHr    -   I  42 
l>R(     -    I« » 
SFC     -     **35 
FN       -   M»S 
W,       -   240 ppa 
iSFC from A   - •  1   171 
.' Ts from A      - - •  21 

Col tte     »ill a high » ••• ia » s lor a email fc*« la »ft 

;; 



Point D. Lower Bypass Design 
T„ = 2700 °R 

5. 8 
1.44 
16.6 
.666 
3485 
240 pps 

0 
PRF 
PRC 
SFC 
F N 
W2 
A SFC from A = 
A FN from A = 

+ 1. 57% 
- 3. 92% 

Comments: A good preliminary selection for fan pressure ratio for the 
variable-geometry fan and a reasonable compromise in FJJ 
and SFC. 

The results of the study show that the 2700 °R turbine with a 5. 8 and a fan 
pressure ratio of 1. 44 is a good compromise for performance and a normal 
risk mechanical design. 

FINAL CYCLE 

Simultaneous study of the gas generator aerodynamic design revealed that an 
axial-centrifugal compressor arrangement is desirable to avoid small airfoil 
sizes at the back of the compressor. This choice requires a deviation from 
the optimum shown in Figure 4 because of the characteristics of the axial-
centrifugal compressor and the requirement to operate in both the fan and the 
shaft mode. This new cycle, which lowers overall bypass and pressure ratio, 
will have higher thrust per pound of air, but a slightly higher SFC than the 
optimum described above. However, without a mission study, the optimum 
cycle pressure ratio for the system cannot be determined, but it would 
appear that the optimum operating condition would not be at the minimum 
SFC point. The design point engine performance is shown in Table II, while 
a complete performance bulletin is included in the Appendix. 

SHAFT MODE OPERATION 

Due to the requirement for 400 knots at sea level, the cycle has 52% more 
horsepower than that required at 6000 ft, 95°F day. A portion of this 
margin is supplied by the fan supercharge to the core. The fan in fine pitch 
is operating at a 20% reduction in design speed and a large reduction in flow 
to eliminate fan thrust and to reduce parasitic power, while maintaining a 
pressure ratio of 1.29 This supercharge provides the core with an additional 
24% power, which after allowing for guarantee power margin, parasitic fan 
power and reduced low-pressure turbine power resulting from the reduced 
speed, permits operation at lower T4. The reduced speed also provides 
a lower output speed in the rotary wing mode, with consequent reduction in 
gear ratio. Figures 8 and 9 show the shaft power breakdown. Figure 8 
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Figure 8.     Effect of Fan Speed and Supercharge on Shaft Power. 
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TABLE H. PRELIMINARY ENGINE PERFORMANCE 

C r u i s e Shaft 
F l ight Condition 400 K t s . Sea Level Stat ic , 6000 F t , 95°F 

To ta l Flow ( l b / s e c ) 248 22. 81 
Fan P r e s s u r e Ra t io 1 .44 1.297 
r iFan (adiabatic) . 84 . 84 
N u m b e r of Fan Stages 1 1 
T r a n s i t i o n Duct P r e s s u r e L o s s (%) 3 2 . 2 
B y p a s s Ra t io 5. 5 . 12 
C o r r e c t e d F l o w , C o m p r e s s o r ( lb / sec ) 23. 5 2 1 . 7 5 
t ) C o m p r e s s o r (adiabatic) . 83 . 831 
Number of C o m p r e s s o r Stages 5 + 1 5 + 1 
C o m p r e s s o r P r e s s u r e Ra t io 16. 0 14 .3 
O v e r a l l P r e s s u r e Ra t io 22. 35 18. 14 
B u r n e r P r e s s u r e L o s s (%) 4 4 
B u r n e r E f f i c i ency . 985 . 985 
Turb ine In le t T e m p e r a t u r e (° R) 2700 2455 
Ah Gas G e n e r a t o r Turb ine (BTU/lb) 240 .7 219 
t]Gas G e n e r a t o r Turb ine . 905 . 905 
Fan Turb ine Inlet T e m p e r a t u r e ( °R) 1849 1665 
Ah Fan Turb ine (BTU/lb) 112.67 88 
r ]Fan Turb ine . 905 . 887 
Exhaus t T e m p e r a t u r e (° R) 1442 1342 
Cooling Flow (%) 10. 5 10. 5 
High P r e s s u r e Spool Sifeed (RPM) 26980 25600 
Low P r e s s u r e Spool Speed (RPM) 8120 6496 
Net T h r u s t (lb)Q {= F ^ x 1 / 1 . 04) 3500 475 
S F C G ( = S F C x 1 . 0 4 ) . 711 -
Shaft H o r s e p o w e r Q {= SHP x 1 /1 . 08) - 2000 
P a r a s i t i c Horsepower - 394 
B S F C G < = B S F C X 1.04) - . 544 
Exhaus t A r e a , Gas G e n e r a t o r 129 .4 180 
Exhaus t A r e a . Fan 3 6 9 . 3 8. 8 

shows the va r i a t ion of power v e r s u s N2, including the e f f e c t of the fan s u p e r -
c h a r g e , i l l u s t r a t ed by the hypothet ical ca se of opera t ion with the fan r e m o v e d . 
F igu re 9 shows the sha f t power and the tu rbofan mode t h r u s t v e r s u s f l ight 
speed in r e l a t i on to the power and t h r u s t r e q u i r e m e n t s of the r e f e r e n c e 
conver t ib le a i r c r a f t . The upper l ine , of the r o o f - t o p shape , shows the 
g r o s s power or t h r u s t ava i lab le and i l l u s t r a t e s t h e f ac t that the 400-knot s e a 
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i 
level case sizes the engines.   Since the shaft mode is not the sizing point, 
the shaft version of the optimum engine was the only shaft engine studied. 

TRANSITION 

In convertible aircraft the conversion sequence from rotary v/ing to fixed wing 
flight consists of unloading the rotor by transferring lift to the fixed wing, 
slowing down and stopping the rotor and finally, folding and stowing the rotor. 
Reconversion consists of unstowing and unfolding the rotor, acceleration of 
the rotor (either by aerodynamic means or by applying engine torque) and 
transfer of lift from the wing to the rotor.   For applications where the air- 
craft will use a conventional horizontal helicopter rotor configuration, the 
engine will be required to provide rotor accelerating power as well as the 
2600 pounds of thrust specified in Reference 5.    A sample calculation, 
Table HI, shows a requirement of approximately 1000 HP to accelerate tfte 
rotor to full speed in 15 seconds.   Againreven with this additional power 
requirement, the engine has turplus power and will be operating at reduced 
T4.   For the case of aircraft operating with rotors that can be accelerated 
through aerodynamic means, the engine will be even more over-powered in 
the transition mode (see Figure 9). 

In discussions with airframe companies and with USAAVLABS personnel 
during the contract period, the point was made that thrust modulation is re- 
quired during transition.   This is because of variations in drag encountered 
as the rotor is unloaded, stopped, folded, and stowed during conversion. 
Two ways to accomplish this thrust variation are   to modulate Ae and to run 
intermediate fan pitch settings.   A study has been made to determine how the 
thrust varied with A8.   It was found that the T4> A8, and speed combination 
necessary to provide the specified transition thrust (2600 pounds) gave such 
a reduced power level that it provided minimal capability for further thrust 
reduction.   This is shown by point A on Figure 10. A possible solution would 
be to reduce shaft speed further, which would require a decreased A8 and 
increased. T^   This higher power setting would effectively locate the 2600- 
pound thrust condition in a more sensitive portion of the thrust/A0 curve, 
point B, which consequently allows a lower thrust capability as As Is Increased 
and T4 is reduced.   It appears that the capability for approximately 30'? thrust 
decrease is possible.   Intermediate fan pitch settings can also provide thrust 
control through reduced fan airflow.   Naturally, the engine controls would be 
more complicated in order to handle the intermediate fan settings, but thla 
method is completely feasible. 

INSTALLATION EFFECTS 

The engine can be provided with a side drive, aft drive, or front drive.   The 
front drive for engine installations, requiring an S-ahaped duct.  Figure 11, la 
estimated to cause a 3'f loss In Inlet pressure at the 400-knot sea level flight 
condition.    For the study engine,  the loss la equivalent to 6.3'! reduction in 
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3800 
Flight Condition: 140 Knots, S.L. 
HP, Parasitic = 1000 
N-j, Design = 8120 RPM 
A 2 8 = 377 IN2 (Design) 
Ag = 125 IN2 (Design) 
Fan in Coarse Pitch 

X. LIMIT 

3600 

3200 

POINT A 
2800 POINT B 

FN REDUCTION 
AT 80% SPEED 

2400 

F N REDUCTION 
FOR 75% SPEED 

2000 

to PHYSICAL AREA 
Vt LIMIT 1600 

170 70 150 110 210 90 130 190 

Ag , IN2 

Figure 10. Thrust Modulation Versus Nozzle Area , 
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FN and 6.6% Increaae In SFC.    This would require an encine weight flow 
Increaae of 6.3TE to malnUln the 3500 lb thmat and a total w»lght Increase 
of 7.3%.   It should be noted that the Inlet slse In relation to the shaft mode 
airflow Is very large; therefore, this Increase In engine slse Is appllcabhe 
only where basic sUlng Is In the fan mods.   If. for Instance, rotor disk 
losdtnf were to be Increased to the point where shsft power was llmttli«.  the 
difference in engine sizing between geared and ungeared installations would 
be negligible because Inlet loeees In both esses would be at the same low value. 

TABLE HI.    SAMPLE CALCULATION OF TRANSITION POWER REQUIREMEWT! 

ASSUMPTIONS: 

GW/SHP 

GW/A 

GWR 

SHP 

Vel Rotor Tip - 

SHP« 

'ALCULAT10N& 

GW 

A 

DlhR 

RR 

GWR 

IR 
R 

»R 
x 

N 

SHP« 

5 

15 

. 1 GW  (concentrated at half the radius) 

4000 (2 engine«) 

«50 ft/eec 

3 SHP  (proportional to «') 

desired time to scoelerste rotor   -   IS to 10 

- 5 a 4000 - 20000 lb 

- 20000/1S -  1333.3 ft* 

- [1333 3/  785 ]     -   41  2 ft 

- 20 6 ft 

- . 1   x   20000   -   2000 lb 

= MR* 

- RR/2   -   10.3 

- (2000/32  2)   x   (10.3)'    -   65Sf 4   lb ft eec* 

- V'H   -   650/20.6   -   31 &5 red sec 

- 60 2-«   1   ■   60/2"« 31.55   -   301  4RPM 

3   1   4000   -   1200 

required for transit ion peraslt' acrelerste 

in 



TABLE m - Continued 

where S H P p KID2 

o r 
% 

= 550 K (i) 

K 1200/(31. 55)2 = 1 . 2 0 5 

and 

Q 
P 

Q 
a 

663 (1) f t lb 

= I (i) = 6589. 4UJ 

and Q t , = S H P - * 550/ID = 
r e q u i r e d T 

17. 43 SHP 

S H P T x 550/31. 55 

t h e r e f o r e 6589.4(1) + 663(1) = 17 .43 S H P _ 
T 

in tegra te 6589. 4u) + 331. 5(1? = 17 .43 SHP_ t 
T 

+ Kx 

but at t = o uu = o, t h e r e f o r e Kx = o 

subs t i tu te uu = 31. 55 r a d / s e c , t = 15 s e c 

207895. 6 + 329975.9 = 261 .45 S H P T 

537871. 5 = 2 6 1 . 4 5 H P T 

SHPT = 2057 (2 engines) 

fo r t 

537871. 5 

SHPT 

= 20 s e c 

348. 6 SHPrp 

= 1543 (2 engines) 

BYPASS MIGRATION 

The convertible fan engine with a bypass ratio of 5.5 will have some bypass 
migration as in the case of any turbofan engine. But the long space between 
the fan and compressor for the variable-pitch mechanism should provide good 
migration characteristics. 

The engine must contend with two types of bypass migrations, shown in 
Figure 12. 

When the low-pressure rotor is running at high speed, with the fan in normal 
pitch and with the gas generator operating at low power, the bypass ratio can 
migrate to an extreme value about 2-1/2 times design value. Although this 
type of migration is common in turbofan engines operating successfully at 
part-power ram conditions, it could be the cause of stall at the root of the fan 
stator. The second migration possibility occurs when the fan is in fine pitch 
and the gas generator is running at high power. In this case, the gas 
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generator is requiring most of the flow that the fan Is pumping. The associ-
ated possibility of stator tip stall is not as critical because the fan thrust is 
not wanted, and the streamline shift is less likely to affect the gas generator 
because the entering flow is accelerating and thus is more stable. The possi-
bility of physical damage at the tip due to this stall is essentially nonexistent 
because of the low level of energy input and because of the rugged structure 
of this area. In both cases, Agg will be varied to keep the fan on its operating 
line. This second mode of bypass migration is the important one to under-
stand and analyze in the convertible engine, since the extent of migration is 
more severe than would be experienced in a turbofan with fixed-pitch fan 
blades. This mode of migration has been studied as part of the fan aero 
dynamic design. Several methods aie available to circumvent any problem 
that may be revealed. The most likely problem region is that due to high 
angle of attack at the splitter. The methods available are: 
1. Increased radius of curvature of the splitter nose to provide greater 

angle-of-attack tolerance. 
2. A bleed port between the fan exit duct inner wall and the compressor 

inlet duct, which would reduce the angle of attack. 

3. Increased spacing between the stators and the splitter. This spacing is 
already large, as discussed in the following paragraphs. 

When the gas generator is operated at reduced speed and flow while the fan 
is still operating at full speed and low pitch, the migration mode of Sketch B, 
Figure 12, is changed in the direction toward the Sketch A mode; thus the 
extreme case of mode B is that of takeoff power. 

Bype3s migration experience with both fan components and turbofan engines 
is available. From test data for these machines,the following observations 
have been made: 

• The important parameters for determining the seriousness of the effects 
of bypass ratio migration are the spacing parameter (distant e between 
splitter leading edge and last vane trailing edge) and the core inlet mass 
flow ratio ( related to bypass ratio). 

• For the values of spacing parameter shown in Table IV, the effects of 
bypass migration on fan stall are essentially negligible. The convertible 
fan should be especially insensitive because of the large spacing. 

• Locating fan blading too near the leading edge of the splitter will result 
in the "inlet analogy" adverse pressure gradient and possibly separation 
propagation upstream into the fan blading in the hub region which may 
already be heavily loaded. This results in a magnified core inlet 
velocity profile deterioration and a loss in fan stability. 
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The problems that arise from bypass migration can be explained as follows: 
As bypass ratio increases,the core inlet mass flow decreases. A pressure 
gradient, as in the case of the scoop inlet, propagates upstream of the 
splitter lip a distance of several inlet heights. This adverse gradient causes 
boundary layer thickening or separation. If the blading is located too near 
the splitter the adverse gradient will feed upstream through the hub region. 
In most cases this region of the blade is already highly loaded, and the addi-
tional back pressure will initiate stall. Similarly, this can happen at the 
blade tip, but for the fine pitch mode this is of little importance. 

A listing of typical full-scale vehicles and engines is shown in Table IV, with 
the convertible engine for comparison. A sampling of the data that shows 
the effect of spacing parameter is shown in Figures 13 and 14. Figure 13 
shows the velocity profile into the core compressor for the engine as bypass 
ratio varies, assuming the bypass/ flow-rate variation shown. Figure 14 is 
the comparable curve for engine B. The major difference in the design of 
the two systems is the spacing parameter, .609 and 1.4 respectively. Exam-
ination of the plots will show that the profile for engine B, even though it has a 
more severe bypass migration, is better than the profile for engine A. For 
constant spacing parameter, it would be expected that a high bypass ratio 
machine would be more susceptible to profile distortion with core inlet mass 
flow rate reduction, because a greater percentage of the core flow consists of 
boundary layer. Engine B design bypass ratio is four times that for 
engine A, so that if spacing were not important, engine B should have more 
distortion. For the convertible fan engine, the spacing parameter for the 
geared and ungeared version is 3.9 and 3. 0 respectively. These values are 
much larger than for any of the listed engines. 
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1             TABU: IV. BYPASS RATIO VERSUS SPACING PARAMETER                j 

6 Max.' 
B Design L/Hi 6 Design 

Engine A 1.5 .609 2.42 

Engine B 6.3 1.40 1.79 

Fan Component Test 1.85 1.00 3.12 

Fan Component Test 1.62 .895 1.45 

Fan Component Test 6.7 .665 1.513 

Engine C .88 1.037 « 3 

Convertible Engine 5.8 3.9 

3.0 

• geared 

* ungeared    1 

* Bypass ratio migration in the upward direction, 0 maximum r» design, for UM 

i         convertible engine, will have a value within the range of values listed la this 
column. However, migration in the downward direction will be much greater] 

\         The bypass ratio can approach zero; for the specific case of 25* of tea blade 
pitch angle closure, the ratio is approximately .06.   As discussed above.  It 
is believed that any problem can be satisfactorily handled with the help of one 
or more known design changes. 
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FAN AERODYNAMIC DESIGN 

GENERAL 

The basic aerodynamic design of the fan in normal pitch is conventional. The 
requirement for a 400-knot thrust did not dictate a high pressure ratio; therefore, 
a moderate tip speed could be used with consequent minimization of mechanical 
design difficulty. The main efforts in the aerodynamic design were to devise a 
method of representing the rotor at reduced blade angles in an existing computer 
program and to use this to predict the rotor performance at incremental restagger 
angles. The primary effort was put into the engine configuration, where the air 
inlet to the fan is used in both fan and shaft modes so that the gas generator is 
supplied with air via the fan at all times. A promising possible sand separator 
design, integrated with the engine, which retains this inlet flow configuration, 
is described under "Engine Preliminary Design". 

DESIGN POINT 

Tables V through VII show the fan design point performance data at normal 
pitch. 

OFF-DESIGN COMPUTATION 

The analytical procedures used for calculating the aerodynamic performance data 
presented in this study are those,developed by the General Electric Company for 
the design of turbomachinery. The theoretical basis for the method of analysis 
has been published (Reference 6). 

The technique has been programmed for solution on a large scale digital computer 
and is equally adaptable to the determination of both design and off-design per-
formance. This computer program was employed to calculate the data for the 
reduced rotor pitch presented herein. 

Since the computer program used for this study was devised to handle normal 
blade stagger angles, some limitations in accuracy at the large deviations in 
angles is inherent. It was not within the scope of this program to develop a 
completely new computer procedure; however, this should be considered for 
future efforts in this area. 

RESULTS OF OFF-DESIGN COMPUTATIONS 

Figure 15 shows the variation of flow versus rotor restagger from which fan para-
sitic power can be calculated knowing fan pressure ratio and efficiency. The 
power absorbed by the fan at 25° restagger angle is calculated at »400 HP. 
The following tabulation shows comparisons of fan operating conditions in the 
fan and shaft modes. 
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Flight Condition 400 
Mode 

Knots, S .L 
Fan Fan 

(reduced speed) 

95°F 6000 Ft 
Shaft 

Fan Speed 
Fan P res su re Ratio 
Fan Efficiency 
Fan Flow, lb /sec 

Flow/122 
Fan Blade Angle 

100% 
1.44 
« 8 4 
253 
207% 
Normal 

80% 
1 29 
R, 84 
122 
100% 
Normal 

80% 
1.29 
« 84 
22.8 
18. 6% 
- 25° 

Figures 16 and 17 indicate the blade settings near the tip in the normal pitch and 
restaggered positions respectively. It will be noticed that the rotor blades a re 
turned 25° in the "closed" position,while the stator blades are turned only 23°. 
This is done so that the incidence angles for the stator and the fixed outlet guide 
vanes become roughly equal. Approximately 28° of blade closure is available 
before initial blade interference occurs. Cycle calculations show that the flow 
capacity of the fan at this maximum restagger angle will be the same or even 
slightly lower than the pumping requirement of the gas generator, at maximum T 4 . 
For this reason, the angle was limited to 25°. However, if the takeoff condition 
does not require maximum T4, then the 28° angle may be usable with sat isfactory 
flow match between fan and gas generator , i .e . , at least a slight excess of fan flow. 

The fixed outlet guide vanes are offset somewhat to allow the boundary layers on 
the suction sides of these blades to be energized by turbulence-free, high-velocity 
s t reams f rom the stator. 

Figures 18 through 20 show the variation of incidence angles with blade height for 
both the design and restaggered conditions. It should be noted that at the angles of 
incidence encountered in the closed configuration, the loss coefficients and devia-
tions are extremely sensitive. A detailed analysis would be required to determine 
accurately the level of these parameters . The current design uses values which 
result in a tolerable level of performance. 

Figure 21 shows the estimated loss coefficients for the rotor in the open and 
closed configurations. 

Figure 22 is a streamline plot showing how the flow is redistributed when the 
rotor is in the maximum restaggered condition. The flow in the bypass duct is 
slowed down considerably so that the likelihood of having separation is great . 
Figure 23 is a streamline plot for the design condition. 
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An identified problem area which will require further investigation is that due to 
the high diffusion factor of the rotor hub.   In the optimization of the final design 
this may possibly be held to a more tolerable level   by redistributing the aerody- 
namic loading in a radial direction so that the tip region carries more load and the 
hub carries less. 

TABLE V.      FAN AERODYNAMIC DESIGN PARAMETERS 

Corrected Weight Flow  = 

RPM, Actual  =  8119.3 

W/B" 
=  204,9  lb/sec 

Rotor Tip Speed (Inlet)   = Utip  =   1289. 5 

P   T 
Total Pressure Ratio  =  _a 1   =   1,45 

PxT 

Total Temperature Rise   = AT-p   =  70.9 0F 
PsT N\ Y - 1 

Efficiency    = _    1iT [m -1 

ATr 

ATr 
Temperature Coefficient  =   -^s jr—rrr- 

u tip/2SJCP 

=   0.875 

=  0.518 
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FAN MECHANICAL DESIGN 

The method devised to support the fan rotor blades affords essentially a simple 
tangential dovetail attachment to a double disk - an Ideal structural arrangement - 
despite incorporating the variable pitch feature.   Figure 24 shows a complete pre- 
liminary layout of the fan rotor. 

The essence of the attachment is the unique geometry of the surfaces of contact 
between the blades and disks which absorb the motion of blade pitch change by 
rolling.   A simple model demonstrating the kinematics of rolling has been con- 
structed (Figure25).   Although relatively crudely constructed, the model demon- 
strates the principles involved and works satisfactorily without any apparent 
dependence on constructional accuracy.    Figure 26 illustrates the model's pertinent 
geometric surfaces.   Only small segments of these surfaces physically exist on the 
blades and disks, as will be described below.   A spherical Internal surface on each 
of the disks contacts an external spherical surface of somewhat smaller radius on 
the blade.   The two disk semispheres overlap the blade axis so that for each disk 
a radial line through the point of contact Is colinear with the corresponding radial 
line for the blade.   Since the surfaces are all axisymmetric, any arbitrary rotation 
of the three surfaces about their own axes, or rotation of the blade axis about the 
engine axis, does not affect the geometry, as illustrated In the plane of intersection 
of the engine axis and the blade axis.   In this application, the mating surfaces are 
coupled by the condition that sliding at the points of contact is not allowed.   Hence, 
any given angular rotation between the disks yields a corresponding specific angular 
rotation of the blade about its axis.   The relative motion between the blade and disk 
at any instant may be described by two components:   rotation about the colinear 
radial line and rolling about the point of contact.   This motion is similar to that 
of tlie ball relative to the race of an antifriction bearing.   The two Important differ- 
ences that permit the high loading are the large effective diameter of the ball and 
the spherical surface of the race.   The race of an antifriction bearing is a cylinder 
curved into a torus. 

A section through the blades and disk is shown in Figure 27.  A ring segment of the 
basic internal spherical surface is Incorporated into each disk.   Appropriate seg- 
ments of the corresponding outer surface on the blade are on the two separate 
bearing plates mounted on the blade root.   The front disk is retained at the hub by 
a thrust ring and may be actuated to rotate in relation to the shaft while the rear 
disk is fixed to the shaft.   Under ideal conditions, the centrifugal load of the blade 
is distributed over a small circular area centered on the geometric point of contact 
Axial displacements are prevented by the opposed catenary shapes of the webs, 
which absorb the axial component of the blade loading without bending stresses. 
Rolling of the rims is prevented by the rims' axial extensions, which are counter- 
balanced against the asymmetric blade loading. 

The maximum contact (Hertz) stress may be held down to a conservative value; 
this stress is estimated at 66, 000 psl for the design as shown at full speed, while 
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SPHERES REPRESENTING 
BLADE RETENTION SURFACE 
ON ROTOR DISC 

R SPHERE, REPRESENTING 
BLADE RETENTION SURFACE 
ON BLADE 

RUBBER BAND. REPRESENTING 
CENTRIFUGAL BLADE LOAD AND 
BLADE VARI ABLE-PITCH AXIS 

HOOK REPRESENTING 
FAN BLADE 

PIVOT ABOUT WHICH ONE 
SPHERE ROTATES RELATIVE 
TO THE OTHER WHEN ACTUATED 
FOR PITCH CHANGE 

ACTUAL FAN WOULD HAVE 
SPHERICAL SURFACES IN 
THIS REGION ONLY 

Figure 25. Model of Variable-Pitch Principle. 
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pitch change movement will occur at a reduced speed of approximately 80^. Since 
there occurs only a small amount of skidding - that due to rotation about the point 
of contact - it is expected that excessive friction and wear will be avoided. The 
disks are of a nickel alloy and may be coated on their loaded surfaces. The 
titanium blades are protected by the bearing plates. Some simulated testing of 
promising material and surface finish combinations prior to testing of a rotor 
would be desirable (see "Recommendations"). 

To synchronize the motion and to absorb torque and tangential loading on the blade, 
a partial bevel gear ?.t the inner end of each blade engages a mating gear fixed to 
each disk, as shown in Figure 28. The greatest portion of the load on the gear teeth 
is due to blade centrifugal torque. The two lugs on each blade engage the slots in 
the gear to transmit the torque as shown in Sections B-B and G-G. The tangential 
gas force, which is low, is transmitted through the adapter shown in Section C-C. 
Because of its low loading, this adapter is sufficiently flexible to effectively isolate 
the gear teeth from possible loading due to blade vibration or misalignment. 
Although the gear theoretically does not absorb any loads due to the motion of pitch 
change, it may be subject to additional load due to the actual effective center of the 
loaded contact surface not coinciding exactly with the line about which the gear 
rolls. This additional transient load would be small and,again,would occur only at 
a reduced rotor speed. The gear is isolated from torsional vibratory loading by 
friction on the loaded surfaces and from bending, both vibratory and steady, by its 
flexible mounting. 

The four actuating cylinders within the front spinner rotate the front disk to vary 
fan pitch. The relatively high centrifugal torque on the blades is balanced by cen-
trifugal loads on the asymmetrically hinged counterweights, shown in Figure 29 
and on the pistons of the actuating cylinders. Since both of these balancing loads 
reduce when the blades move from the open, or turbofan, to the closed, or turbo-
shaft, position, the net loading on the complete system is such that the actuating 
cylinders are loaded against their end stops in either position without the assistance 
of internal fluid pressure. Thus, actuator pressure must be supplied only when 
actuation is required; normal steady operation in either mode does not require 
this pressure, with consequent fail-safe features. Pneumatic pressure is preferred 
if the control mode adopted permits a two-position fan pitch. However, if 
modulated pitch Is required, hydraulic pressure may be used. The estimated 
pressure is 200 psi to balance steady centrifugal loading and an additional transient 
pressure of 1500 psi to overcome friction at full design speed. Either modulated 
or two-posltlon fan pitch actuation may be required,as discussed under "Cycle 
Analysis and Selection". 

The features that are designed to prevent excessive leakage at the tip and root of 
the blade are shown in Figure 30. A sphere symmetric with respect to the blade 
axis defines the limit that may not be exceeded by the blade tip In the open position 
if interference in the c l c^d nosition is to be nynided. For a conw..-I^nal Wade, 
the clearance over the forward portion of the blade would be excessive because of 
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tfii slope In the flowpath.   Therefore, it is desirable that the axis of rotation inter- 
««• jet the tip near the front of the blade to reduce this clearance.   An axis of rotation 
tht.* is not normal to the engine axis  (as is indicated in Reference 2)    is not only 
dift cult to achieve   but would introduce bending into the attachment when the blade 
is   otated out of the ideal position.   The configuration shown retains symmetry of 
the attachment but moves the tip of the blade backward relative to the axis.   The 
ce.^.t'oids of all airfoil sections are displaced axially and tangentially relative to 
tHe axis into an appropriate curve so as to produce bending only about the strong 

- s of any section.   Thus, the blade may be balanced at the attachment for any 
anp .'ar position, and the steady bending stresses due to curvature of the airfoil are 
reasonable.   The tip clearance in the open position is compromised very little. 
Its   ncrease as the blade rotates toward the closed position is not significant to 
engiie performance. 

The inner flowpath ring seals against the circular portions of the platforms at the 
f-o.H and rear.   The sides of the platforms are straight and seal effectively between 
blades in the two extreme positions of blade rotation.   Only small triangular re- 
gions at the corners of the platforms remain unsealed.   The holes through the outer 
surface of the ring are Intersecting circles that cut the ring into two end portions 
ab shown in Section E-E.    The shape of the holes through the inner surface of the 
ring is changed to an elongated slot,as shown in Section D-D.   This shape leaves 
s-jfcient material between the holes to join the two ends while allowing clearance for 
ms^: Mation and actuation of the blades.   The shape of the flowpath allows the edges 
of tne . irfoil that overhang the platform to fit closely to the ring in the open 
positf jn. 

The iniser flowpath ring follows the blades as they roll relative to the disks, as the 
cage   f an antifriction   bearing follows the balls.   Hence, the angular position of 
the . ing relative to the rear disk is directly related to the blade pitch position. 
Two ..'otional EMF transducers, mounted on the stator structure behind the ring 
to met sare this relative angular position, sense blade pitch. 

To avcid fretting of the airfoil due to interference of the blades at the tip in the 
closed iJosltlon. a pad is raised slightly above the airfoil surface at the trailing 
e<V'      This pad is shaped to provide a suitable area of contact with the leading 
er,.c > f the adjacent blade.   The contacting surfaces are hard coated,and blades 
are locked together tightly when in the fully closed position.   Figure 31 illustrates 
this pad 
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at Tip of 
Trailing Edge 
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CONTHOL MODK ANALYSIS 

SUMMARY 

The transition control system Is shown In Figure 32.   The system was develoiwd 
from an existing turboshaft control system with the addition of functions required 
for transition control.   The control system, the engine cycle, and the shaft load 
characteristics have been simulated on a computer by the Dynasar program.   The 
computer was used for transient computations, which have led to the detailed sys- 
tem design shown by Figure 33.   Information from rotary-wing alrframe manu- 
facturers showed that rotor systems having either horizontal or vertical axes of 
rotation might be ased In convertible vehicles.   Thus, four basic cases are needed 
to cover transition mode simulation as shown in Figures 34 through 37.   These 
depict typical transient time histories for fan-to-shaft and shaft-to-fan conversion, 
each for both vertically and horizontally stowed rotor simulations.   The controls 
may be sequenced manually or automatically by a sequencing mechanism designed 
to meet requirements of a particular alrframe Installation.   This sequencing has 
few restrictions and need not be the same as that employed In the simulations 
shown In Figures 34 through 37.   A discussion of a typical transient time history 
Is given later In this section. 

The results of the control system study show that satisfactory engine/control/rotor 
conversions from fan mode to shaft mode, and vice versa, can be made with either 
of the rotor systems, I.e., rotor shaft horizontal or vertical. 

CONTROL MODE REQUIREMENTS 

The fan/shaft engine control system has been designed to meet the following re- 
quirements which are mostly peculiar to a fan/shaft engine: 

1. Cockpit controls must enable the pilot to control engine and rotor thrust 
during conversion without critical timing or excessive manipulation of cock- 
pit controls, 

2. Existing helicopter and fan engine control concepts and hardware should be 
utilized to perform their normal function. 

3. Additional controls required for conversion should be the minimum required 
for engine conversion, 

CONTROL SYSTEM DESCRIPTION 

Figure 31  is a functional block diagram of the control system.   Cockpit levers 
Include a conversion lever in addition to levers conventional to fan engine and 
shaft engine controls.   The function of each lever is outlined on the diagram.   The 
conversion lever selects the required engine geometry and converts the control 
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mode between (1) output shaft speed governing for shaft mode operation «nd (2) 
power lever control of gas generator power for fan mode operation. 

The fuel control and electrical control are essentially similar to an existing ahaft 
engine control system with minor adaptation to allow conversion to and from a shaft 
engine system.   The conversion control provides those additional major funcitona 
required for conversion of engine geometry.   The functions of each control In each 
mode of operation are outlined in Figure 32.    The conversion control provides 
(1)      control of engine exhaust area   (A8) and (2) control of fan pitch angle and 
bypass exit area (Agg), both as required by the position of the cockpit conversion 
lever. 

Figure 33  is a detailed control system block diagram interrelating the fuel control 
electrical control and conversion control functional details. 

Figure 38 shows some of the scheduled parameters most significant to engine 
conversion. 

DISCUSSION OF CONVERSION TRANSIENTS 

Figure 34 shows a conversion from shaft mode to fan mode for an alrframe whoae 
rotor axis is stowed in a vertical orientation.   Figure 34(a) shows the sequence of 
control lever motions assumed for this simulation.   The conversion lever was 
first moved halfway   to call for the change of fan pitch and A«  required In the fan 
mode.   Figure 34(b) shows the resulting increase in engine thrust.   Figure 34(«> 
shows that airframe rotor blade angle was next reduced to achieve near-aero torque 
and that the power lever was retarded to a oosition to suitably limit fan mode power. 
Figure 34(c) shows a reduction of fuel flow resulting from the action of the collec-ti*« 
pitch rate signal which counteracts the tendency toward overapeedlng following • 
shaft load reduction.   Upon reaching flat pitch,the rotor is uncoupled.   Flgurr 34(t>| 
shows the resulting tachometer split. 

After power has been lim led by retarding the power lever, the conversion lever 
motion is completed to disable the N2 governors and to allow Nj to be eatablishod 
solely by power lever position. N3 to be established by gas generator power, and 
fan pitch to be established by the conversion lever schedule.   Figures 34(b) and 
34(c) show fan pitch and A8 changing over approximately a S-aecond Interval la 
accordance with the slew rate of their actuators.   Interruptions of the steady 
increase in fan pitch are caused by an N2 governor action to reduce loading during 
an incipient underspeed condition.   Fuel flow increases through most of the traa- 
sient as a result of both (1) the Ns governor underspeed condition calling for an 
increasing ^ setting and (2) the action of the A^ rate signal which counteracts the 
tendency toward underspeeding as a result of the reduction of turbine torque and 
increasing fan torque.   It is shown that the conversion has been accomplished 
without any large excursions of either Nj or N?. 
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Figure 38. Engine Control Scheduled Parameters. 
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Iigurr Sä »huws a fan-tomhtft mode conversion for an alrframe whose rotor axis 
i» huniontal during conversion.   The transient calculations assume that the rotor 
Ka« »««n turned horizontal prior to zero time.   This computation Is quite similar 
to thai at the vertically stowed rotor, with the assumption that the alrframe rotor is 
uoraupled and feathered after the blade pitch has been reduced to obtain near-zero 
•hah loading 

I'lgur«» 3fi and 37 ahow fan-to-shaft conversions for vertically and horizontally 
•u.»r.j rotor« respectively.   It Is shown that the control levers may be moved 
• imultaneaualy. without large excursions of Nx or N8.   The increment   in fuel flow 
t« rau»ed by the Increase of the power lever calling for higher N^ this is then 
rvMTMid by action of the T, and Nj controls. 

tbe rttnirol iiysiem has not been optimized but has been developed to show that good 
roe^ervio« performance can be obtained.   Sequencing of controls is not important, 
•lihough mure desirable sequencing may be employed, depending on specific air- 
frame requirements. 

tSiUSt AND CONTROL SIMULATION 

figxire 39 >• a diagram of the computer simulation of the control system.    Figure 40 
repfetenis (he simulation of the dynamics of the engine rotors and shaft loading. 
fxgun 41  is an example of the simulation of engine components, showing only the 
•erathermudynamlea   of the variable-pitch fan.   All other engine components, for 
iMiaAcr the compreaaor. are represented in a similar manner but are not shown 
i*re. «looe Figure 11 la typical. 
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ENftTNE PRELIMINARY DESIGN 

Cross-sectional layouts oi two versions of the convertible engine are shown in 
Figures 42 and 43. Figure 42 shows the geared version with shaft power extracted 
at either side of the engine. Shaft power is extracted directly at the front for the 
ungeared engine shown in Figure 43. 

The bevel gear arrangement designed to extract engine power at either side serves 
also to reduce fan speed. The pinion drives the larger fan drive gear through two 
inclined idler gears. Shaft power is extracted from either one of the idler gears. 
The gears shown have not been analyzed for tooth stresses; they have been drawn 
to represent loadings similar to those used in Reference 2. A relatively low 
spiral angle (approximately 12°) is assumed so as to minimize, but never reverse, 
the axial load on the high-speed pinion. The maximum axial load on the power 
takeoff gear, or idler, occurs when the full power is transmitted to the fan. Under 
this condition, the spiral angle does not contribute to this axial load. The fan shaft 
is flexibly attached to the fan drive gear for transmission of torque and axial load 
only; it is supported radially in separate roller bearings. The front bearing is 
softly mounted and damped by an oil film to compensate for possible fan rotor 
unbalance. The seals for pressurizing the fan rotor pitch actuators fit at the end 
of the fan shaft,where the diameter, and hence peripheral speed, is low. 

The lower speed of the power turbine in the ungeared engine increases the number 
of stages from two to five. The pressurizing seals are moved to the outside of the 
shaft,where the peripheral speed is much higher and may cause leakage or heating 
problems. Figure 44 shows an alternate method of pressurizing the actuators. 
The transfer tubes extend the full length of the shaft to the rear end,where seals 
of small diameter are used. Although the small diameter may be necessary to 
avoid seal problems, the length of the tubes and the consequently large axial dis-
placement to be absorbed by the seals are undesirable features. The front seal 
location is believed to be preferable. 

The gas generator shown for both versions incorporates a compressor of five axial 
stages with one centrifugal stage at the rear and a turbine of two axial stages. The 
centrifugal stage avoids the very low blade height that would be required at the 
rear of a fully axial compressor and reduces the engine length. Its increased 
diameter fits within the bypass flowpath without any particular compromise. 
Selection of an axicentrifugal compressor is directly related to the specific sizing 
requirement of the study; if a larger engine were required, the alternative of an 
all-axial compressor would be available. 

A set of double-hinged flaps on the exhaust bullet varies the gas generator exhaust 
nozzle area (Ae). Since the shape of the bullet is critical only in the cruise con-
dition, the construction of the flaps is simple - they do not overlap. They fit in 
slots in the bullet to form a smooth surface in the cruise condition. They reduce 
the area by moving outward to form a series of obstructions at the nozzle throat 



Figure 42. Cross Section, Geared Engine. 
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Figure 43. Cross Section, Ungeared Engine. 
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Figure 45. Preliminary Installation Drawing, Geared Engine. 
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and increase the area by moving inward to open the «lot«.   Simple hinged fUpe are 
also shown on the inner wall of the fan nozzle to vary this area (AM).   In «hit cue 
it is desirable to actually spoil any residual thrust, so that again a soroewhai crude 
design Is acceptable. 

Figures 45 and 46 are preliminary installation drawings for the geared and un- 
geared engines respectively.   Figure 1] shows the shape of a typical Inlet duet 
that is required for the ungeared engine. 

Preliminary engine weight estimates have been derived by approximate oompuUlloe 
for the parts peculiar to the convertible engine, and by scaling current engine data 
for the gas generator and power turbine and for the gearbox, controls, aad arcese- 
ories.   The weights for the geared engine are tabulated below.   The ungeared 
engine is estimated to be 83 lb lighter 

Geared Engine Preliminary Weight Estimate 

Fan Rotor 152 

Fan Stator 62 

Power & Fan Reduction Gearbox 190 

Front Frame 68 

Fan Variable Nozzle 34 

Gas Generator Variable Nozzle bZ 

Nacelle 14 

Gas Generator and Power Turbine 430 

External Gearbox, Control^and 190 
Accessories 

Total Engine Weight 1175 lb 

This weight is an estimated weight without margin for growth due to design changes 
Appropriate margins are:    gas generator and power turbine - ST, since this weight 
is based on a very similar, fully detailed design; remainder - 11?, since this Is 
based on a mixture of conventional, but not detail designed, parts and unconventional 
parts. 

Thus, weight for quotation purposes = 1280 lb. 
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TW ••»iroc«»fti ol the «ogia» in it» »had mode wilt ultan conalit of a Urge sand 
•ad or doai costool la IIM air tvrauaa at ihm rotor downwaah during vertical flight 
•ear ifea grmad    Tlw faa la the ahaft moda preaenta good poaalbllltlea for provld- 
lag a aaeA'duai aap«r«ior of ih« ceairifuging type    The eaaentlal action of auch a 
•oparaiar 4a le put «»irl into the air   caualag oentrlfugtng of (he solid articles 
lo ihm mamf partplwry   «« aairaci ihm cvotr.fuged partlclea along with acme amall 
aiMMMtf of ai.. aad. daally. to lake out the awlrl before paaalng Into the engine. 

Jhm CM rotor put« la a largo »wirI  for Inataaoe.the exit atatora have to take out 
abmii Itf* of flow aaguUriiy la the ahalt mode.   It la believed that an efficient 
aeparaior vottld reeult if pan of (ha awlrl ««re left In at (he »tutor exit   and re- 
moved at (ha compreaaor inlai by da-awlrl vanea, which would be moved In unlaon 
wtth (ha variable faa exit auiora    In the fan rocdr theae da-awlrl vanea would be 
laoperaiive. I.e. axtally oriented    The flow through the fan exit duct would retain 
the awlrl    The flow la thia duct la at leaat aa much aa would be uaed In an Inlet 
aeparator acaveage duct(aft>oui 101 of engine flow), ao that good scavenge action 
could be expected. 

It la believed thai thla poaelblllty of dealing with Inlet contamination la to be pre- 
ferred lo achemea which bring the gaa generator air In behind the fan. but through 
aa Independeni aeparaior. 

A preliminary trajectory aoalyals has been performed ualng a tlme-ahared com- 
puter program developed for Inlet aeparator dealgn and ualng fan aerodynamic data 
for the minimum pilch mode.   The reaulta are ahown In Figure 47.  It appears from 
thla preliminary data that,provided some realdual awlrl la left In the fan exit air. 
excellent aeparatloo can be expected.   The rotor exit Initial condition trajectory 
line ahows thai the rotor ;taelf provides good aeparaior action, regardleaa of atator 
residual awlrl.   However, any partlclea which remain near the hub at the atator 
elation by aomehow racaplng the rotor ceutrlfugal effect, while exhibiting much less 
sleep radial velocity componenta. will oevertheleaa still move clear of the gas 
generator Inlet. 
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RISK AREAS 

The two general areas where risk can be expected are: fan aerodynamics and fan 
rotor mechanical design. 

FAN AERODYNAMICS 

The specific risk areas are: 

• Accuracy of estimation of parasitic power and flow at minimum pitch. 

• Ability of exit stators to cover flow angle change. 

• Bypass ratio migration. 

Accuracy of estimation of parasitic fan power and flow. The computation of fan 
power at reduced blade angles has required the adaptation of existing aerodynamic 
computation procedures to the different conditions of a rigid, twisted blade operat-
ing at an angle different from the design value, normally fixed. This adaptation 
has to take account of reduced flow both generally and locally as regards in-
creasing blockage as the blades approach each other, especially near the tip. It 
is estimated that the computation procedures used will provide about 2% accuracy 
on flow and 8 - 10% accuracy in temperature rise prediction. Thus, the overall 
power prediction variation is expected to be in the order of 5 - 10%. This value 
appears to be acceptable. 

Ability of exit stators to cover flow angle change. The estimated total angle change 
is « 40°. This will be divided equally between the movable and fixed stators of the 
tandem pair. This angle is on the high side and involves some risk as regards 
incipient flow separation in the shaft mode, as it could affect the gas generator com-
pressor, efficiency of the stators not, of course, being of any importance. A 
promising approach to minimizing this problem would be to use a nonuniform load-
ing on the fan rotor blade in the radial direction, with pressure ratio reduced near 
the hub. With such a distribution, the angle-of-attack change near the hub (which 
is the area of interest from the compressor point of view) would be reduced. 

Bypass ratio migration. The important geometric variable influencing risks from 
bypass ratio migration is spacing ratio,L/jjj. In the study engine, this ratio is 
much above average, i . e . , favorable. The bypass ratio migration case deemed 
to contain the most potential risk is that of high gas generator power with the fan 
in fine pitch, because the amount of migration will be greater than in fixed-pitch 
fan engines. The available experimental data has been reviewed and potential 
fixes for any problems have been considered. It is concluded that the risks are 
only moderate. A fuller discussion will be found under "Cycle Selection". 
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FAN MECHANICAL DESIGN 

Initial consideration resulted in the following potential risk areas: 

• Bearing stresses and wear on contact surfaces. 

• Frictional loads on blade mechanism. 
• Spreading of disks under centrifugal load. 

• Aeroelastic stresses in fan blades at reduced pitch. 

• Fretting of blade contact points (if any) at reduced pitch. 

• Synchronization of blade angles. 

After the fan mechanical design has been studied, these areas can be reduced to 
essentially the first two, which are interrelated. The design criteria for the 
bearing stresses and the kinematics of the blade mechanism are discussed under 
"Fan Mechanical Design". The conclusion is that a simple hardware rig test could 
be used to check the degree of risk involved in these two items before any appreci-
able amount of effort need be put into any follow-on work on the variable-pitch fan. 
See "Recommendations" for a description of the suggested test procedure. 
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CONCLUSIONS 

1. An analysis of a convertible fan/shaft engine with variable-pitch fan rotor 
has been completed, with primary emphasis on fan aerodynamics, fan rotor 
mechanical design, and engine/control/rotor transition control dynamics. 

2. Aerodynamic analysis of the fan shows that the fan power can be reduced to 
about 400 HP where 3100 HP is available from the low-pressure turbine. A 
tandem variable/fixed exit stator combination is required to handle the flow 
angle excursion leaving the rotor. 

3. A novel method of fan blade retention which permits blade pitch change and 
synchronizing has been devised. 

4. An engine/control/rotor system has been synthesized which provides satis-
factory control and transition mode dynamic behavior. 

5. The engine system requires a variable fan exhaust exit area. A variable 
gas generator exhaust area is desirable for optimum performance. 

6. The gas generator is sized by the fan mode for the 400 Kt, sea level, thrust 
A cquirements. In addition to the 2000 HP required for the rotary-wing mode 
takeoff, there is a surplus power of 26% at 80% fan speed and of 44% at 
100% fan speed. The greater surplus at 100% speed results from the 
increased gas generator supercharge and low-pressure turbine power, which 
more than compensate for the increased fan power required. 

7. Although not investigated in detail, a promising method of integrating a 
centrifugal type sand separator into the fan and fan exit duct of the engine, 
for shaft mode operation only, has been devised. 
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RECOMMENDATIONS 

In future work on this concept, the following areas requiring more detailed inves- 
tlKutlon wore revealed by the subject study: 

1. A simple rig test could be used to assess the probable characteristics of the 
variable-pitch mechanism,   (See separate description below.) 

2. A re-programming of the fan aerodynamic computation logic is required. 
This new program would be designed to handle variable-pitch fan aerodynamic 
design computations efficiently   and avoid the problems which arose when 
using a fixed-pitch fan computer program. 

3. Availability of this computer capability would permit a more refined engine 
performance optimization to be carried out.   For instance, the best choice 
of shaft mode fan pressure ratio (controlled by exhaust area since fan speed 
is constant) and flow for shaft power optimization should be determined. 
Further investigation of fan/gas generator flow matching should also be made, 
once recommendation 2 above has been implemented, together with a more 
favorable radial pressure distribution in the fan. 

4. Various sequences and combinations of transition mode control inputs should 
be tried, using the already developed Dynasar-type dynamic simulation. 
This work should be done in collaboration with airframe contractors. 
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SUGGESTED TEST OF VARIABLE PITCH PRINCIPLE 

Simulated testing of the rolling motion between the blade bearing plate and the diHk 
would be desirable to provide information that would facilitate development of the 
fan rotor.   Figure 48 is a sketch of a simple rig for such testing.   Two double.taper 
roller bearings are mounted with their axes horizontal in a housing to simulate the 
freedom for rotation between disks.   Special Inserts placed at the bottom of the 
Inner races simulate the disk bearing surfaces.   They are held In position by the 
corresponding bearing plate, which Is loaded from below through a vertical spindle 
The load is provided by tension in a loaded cable, which Is torslonally flexible. 
Rotation of the spindle about its axis simulates actuation of the blade.   The torque 
required to rotate the spindle may be corrected by the torque required to rotate 
the bearings to determine the friction on the loaded surfaces.   The torque required 
to rotate the bearings may be established by measuring the bearing friction indepen- 
dently.   The value of a horizontal load applied to the spindle to cause both roller 
bearings to rotate In the same direction, without any rotation of the spindle. Is a 
measure of bearing friction. 

The testing would be aimed at selecting a suitable combination of materials and 
coatings for the contacting surfaces and the optimum design contact stress to avoid 
excessive wear and friction.   Although the relative motion is predominantly rolling, 
rotation about the point of contact produces some sliding which may cause "galling" 
wear with repeated cycles.   The amount of sliding depends on the design contact 
stress which determines the diameter of the area in contact.   Hence.the design 
stress selected may affect both wear and friction. 

The nickel alloy disk would be preoxidized; a thin, tight layer of oxide act« as a 
barrier to pressure bonding,which is the cause of "galling" wear.   The bearing 
plate would be of L605, a cobalt-based alloy, and also would be preoxidized    Both 
surfaces would be coated with a dry film lubricant such as molybdenum dlaulphlde 
or tungsten diselenide.   Should the feasibility of eliminating the bearing plates from 
the titanium blade be indicated, a titanium plate with a plasma coat of copper- 
nickel-indium alloy, developed by General Electric to minimize fretting on titanium 
mating surfaces, would be tried. 
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